Introduction {#s0001}
============

Acetaminophen is a safe, effective analgesic and antipyretic drug. However, its overdose is the leading cause of acute liver failure in the world (Larson et al. [@CIT0025]). Acetaminophen is activated by CYP2E1 to a reactive intermediate, *N*-acetyl-*p*-benzoquinoneimine (NAPQI), which depletes glutathione (GSH) and form covalent protein-adduct (Jaeschke [@CIT0014]). This event leads to the generation of superoxide anion radical, nitric oxide and peroxynitrites, which overwhelm the antioxidant defense and oxidative onslaught on cellular macromolecules (Jaeschke & Ramachandran [@CIT0017]). In addition, GSH depletion promotes lipid peroxidation, protein oxidation and cell death in acetaminophen-induced hepatocellular injury (Ajiboye et al. [@CIT0005]). Furthermore, acetaminophen causes cell death via centrilobular necrosis (Hinson et al. [@CIT0013]; Jaeschke et al. [@CIT0018]). The dead cells release chemicals which initiate inflammatory response leading to the activation of Kupffer cells and recruitment of neutrophils and monocytes into the liver (Laskin & Pilaro [@CIT0027]; Lawson et al. [@CIT0028]; Laskin [@CIT0026]).

The presence of abundant plant bioactive phytochemicals with proven physiological and pharmacological activities spur investigations into the medicinal plants (Ajboye et al. [@CIT0002]; Ajiboye [@CIT0003]; Oloyede et al. [@CIT0036]). These active principles enhance cytoprotective enzymes by modulating redox transcription factor (Ajiboye et al. [@CIT0007]). *Phyllanthus muellarianus* (Kuntze) Exell. (Euphobiacea) is a promising plant with many bioactive principles.

*Phyllanthus muellarianus* is a monoecious glabrous, straggling or climbing shrub or small tree. It is widely distributed in Nigeria, Ivory Coast, Senegal, Mali, Togo, Congo, South Africa and Uganda. The leaves are reportedly been used for wound dressing, fever and skin eruptions (Burkill [@CIT0008]). They are also used for the treatment of paralysis in the Ivory Coast. The plant has been reported to possess antimicrobial, antiplasmodial, analgesic, anti-inflammatory and sedative properties (Onocha et al. [@CIT0054]; Anuka et al. [@CIT0050]; Brusotti et al. [@CIT0051]). Phytochemical analysis of *Phyllanthus muellarianus* leaves revealed the presence of corilagin, furosin, geraniin, nitidine, isoquercetin, gallic acid and phaselic acid (Agyare et al. 2011; Cesari et al. [@CIT0052]). Despite the array of pharmacological activities and antioxidant phytochemicals, no study has evaluated the plant for its hepatoprotective activity. Thus, this study investigates the hepatoprotective effect of *Phyllanthus muellarianus* aqueous leaf extract.

Materials and methods {#s0002}
=====================

Experimental animals {#s0003}
--------------------

Healthy male Swiss albino mice, weighing 17.36 ± 0.52 g, were obtained from Animal House of the Department of Veterinary Physiology, Biochemistry and Pharmacology, University of Ibadan, Nigeria. They were kept in clean plastic cages containing well-ventilated house conditions with free access to feeds (Capfeed Ltd., Osogbo, Nigeria) and tap water. This study was approved by Al-Hikmah University Ethical Comittee on the use of laboratory animals (HUI/ECULA/014/12/008), which is in accordance to the Guidelines of National Research Council Guide for the Care and Use of Laboratory Animals (National Research Council [@CIT0035]).

Plant materials {#s0004}
---------------

Fresh leaves of *Phyllanthus muellerianus* were locally collected from Tanke, Ilorin, Nigeria, in September, 2014. The plant was authenticated by Mr. Bolu Ajayi (Curator) and deposited at the Herbarium Unit of the Department of Plant Biology, University of Ilorin, Ilorin, Nigeria (voucher number UIH/886).

Chemicals and solvents {#s0005}
----------------------

Acetaminophen was a product of Santa Cruz Biotechnology (Santa Cruz, CA). Diphenylamine, 5,5′-dithio-bis(2-nitrobenzoic acid), guanidine hydrochloride and *N*-ethyl-maleimide (NEM) were procured from Research Organics (Cleveland, OH). Alkaline phosphatase (ALP), alanine aminotransferase (ALT), aspartate aminotransferase (AST), albumin, bilirubin, glutathione peroxidase (GSH-Px), glutathione reductase (GSH-Red) and glucose 6-phosphate dehydrogenase (Glc-6-PD) were products of Randox Laboratories Ltd., Co. (Antrim, UK). All other reagents used were supplied by Sigma-Aldrich Inc. (St. Louis, MO).

Preparation of *Phyllanthus muellarianus* aqueous leaf extract {#s0006}
--------------------------------------------------------------

Fresh *Phyllanthus muellarianus* leaves were air-dried and pulverized using domestic blender. Powdered leaf (100 g) was soaked in distilled water (1 L) for 48 h with periodic shaking, filtered using Whatman No.1 filter paper and concentrated on water bath. The extract (19.44%) was stored in a refrigerator at 4 °C.

Phytochemical profiling {#s0008}
-----------------------

Phytochemical profiling of *Phyllanthus muellarianus* aqueous leaf extract was done using HPLC system (Beckman System Gold High Performance Liquid Chromatography (Beckman Coulter, Brea, CA)) with FID as detector. A μBondapak C18 column was used (125 Å, 10 μm, 3.9 mm × 300 mm, 1 p/kg) (Waters, Milford, MA) and for elution of the constituents, two solvents denoted as A and B were employed. The analyses were carried out using the mobile phase composed of two solvents: solvent A (water containing 0.1% formic acid) and solvent B (acetonitrile containing 0.1% formic acid). The flow rate was 0.2 mL/min and the injection volume was 10 μL. The constituents were isocratically eluted with 40% A and 60% B for 17 min. The eluted phytoconstituents were detected and identified by comparing their retention time with FID library.

###### 

Phytochemical constituents of aqueous leaf extract of *Phyllanthus muellarianus*.

  Component                   Retention time   Area        Concentration (%)
  --------------------------- ---------------- ----------- -------------------
  Catechin                    1.266            1541.9765   7.84
  Gallic acid                 2.516            915.5210    4.65
  Quercetin-3-*O*-glucoside   2.750            589.8275    3.00
  Phaselic acid               4.450            219.3390    1.12
  Isoquercetin                4.700            443.5140    2.25
  Phyllanthusin               5.466            236.4010    1.20
  Furosin                     11.050           9300.2370   47.28
  Geraniin                    12.166           3623.6145   18.42
  Corilagin                   13.700           2370.9260   12.05
  Nitidine                    14.716           428.3130    2.18

Animal groupings and treatments {#s0007}
-------------------------------

Seventy healthy male Swiss albino mice were acclimatized for seven days and completely randomized into six groups (A--G) of 10 animals each. Mice in groups C, D, E and F were administered orally, once daily for seven days with 400, 100, 200 and 400 mg/kg b.w. of *Phyllanthus muellarianus* aqueous leaf extract, respectively. Mice in group G were orally given 200 mg/kg b.w. of sylimarin daily for seven days. On the sixth day of administration, groups B, D, E, F and G were challenged with 300 mg/kg b.w of acetaminophen. Mice in group A which served as the control received only distilled water throughout the experimental period.

Tissue and serum preparation {#s0009}
----------------------------

Serum and liver homogenate were prepared as described by Yakubu et al. ([@CIT0048]) and Ajiboye et al. ([@CIT0006]), respectively.

Hepatocellular, oxidative stress and proinflammatory biomarkers {#s0010}
---------------------------------------------------------------

### Liver function indices {#s0011}

ALP, ALT, AST, albumin, total bilirubin and conjugated bilirubin in the serum of mice were determined using the procedure outlined in commercial kits (Randox Laboratories Ltd., Antrim, UK).

### Superoxide dismutase {#s0012}

The activity of superoxide dimustase (SOD) was determined as described by Misra and Fridovich ([@CIT0033]). Briefly, liver homogenate (0.2 mL) was added to 2.5 mL of 0.05 M carbonate buffer (pH 10.2) to equilibrate and the reaction was started by the addition of 0.3 mL of freshly prepared 0.3 mM epinephrine. An increase in absorbance was recorded at 480 nm every 30 s for 150 s. One unit of enzyme activity is 50% inhibition of the rate of autooxidation of epineprhine as determined by change in absorbance/min at 480 nm.

### Catalase {#s0013}

Catalase (CAT) activity was determined using the procedure described by Aebi ([@CIT0001]). Briefly, liver homogenate (50 μL) was added to a cuvette containing 2 mL of phosphate buffer (pH 7.0) and 1 mL of 30 mM H~2~O~2~. Catalase activity is measured at 240 nm for 1 min using spectrophotometer. The molar extinction coefficient of H~2~O~2~, 43.6 Mcm^−1^ was used to determine the catalase activity.

### Glutathione peroxidase, glutathione reductase and glucose6-phosphate dehydrogenase {#s0014}

The activities of glutathione peroxidase (GSH-Px), glutathione reductase (GSH-Red) and glucose 6-phosphate dehydrogenase (Glc 6-PD) were determined using the procedure outlined in commercial kits (Randox Laboratories Ltd., Antrim, UK).

### Glutathione reduced (GSH) {#s0015}

The level of GSH in the liver homogenate was determined using the procedure described by Ellman ([@CIT0012]). Briefly, liver homogenate (1.0 mL) was added to 0.1 mL of 25% trichloroacetic acid (TCA) and precipitate was removed by centrifuge at 5000*g* for 10 min. Supernatant (0.1 mL) was added to 2 mL of 0.6 mM DTNB prepared in 0.2 M sodium phosphate buffer (pH 8.0). The absorbance was read at 412 nm.

### Lipid peroxidation products {#s0016}

The levels of conjugated dienes, lipid hydroperoxides and malondialdehyde were assayed according to Reilly and Aust ([@CIT0040]).

### Protein carbonyl and fragmented DNA {#s0017}

Protein carbonyl concentration and the quantity of fragmented DNA was determined according to the procedure described by Levine et al. ([@CIT0029]) and Burton ([@CIT0009]), respectively.

### Proinflammatory {#s0018}

Plasma samples were analyzed for tumor necrosis factor-alpha (TNF-α), IL-6 and IL-8 concentrations using enzyme-linked immunosorbent assay (ELISA) kit (Sigma-Aldrich, Inc., St. Loius, MO).

### Histopathology {#s0019}

Liver was fixed in 10% formaline for 48 h, grossed, dehydrated through different grades of ethanol, xylene and embedded in paraffin. A section (3--4 μm) of the tissues was stained with hematoxylin and eosin stains and mounted on microscope (TP1020, Durham, NC) for photomicrography.

Statistical analysis {#s0020}
--------------------

Results were expressed as mean of five determinations ± SEM. Analysis of variance (ANOVA) followed by the Tukey--Kramer test for differences between means was used to detect significant differences (*p* \< 0.05) between the treatment groups in this study using StatPlus, 2011 (AnalystSoft Inc., Alexandria, VA).

Results {#s0021}
=======

Phytochemical profiling and standardization of *Phyllanthus muellarianus* aqueous leaf extract {#s0022}
----------------------------------------------------------------------------------------------

HPLC profiling of *Phyllanthus muellarianus* aqueous leaf extract revealed the presence of 10 phytoconstituents ([Figure 1](#F0001){ref-type="fig"}). The plant is rich in catechin, gallic acid, quercetin 3-*O*-glucoside, furosin, geranin and corilagin. The concentrations and structures of these phytochemicals are presented in [Table 1](#t0001){ref-type="table"}. Their respective concentrations and structures are as presented in [Table 1](#t0001){ref-type="table"} and [Figure 1](#F0001){ref-type="fig"}.

Hepatocellular enzymes and liver function indices
-------------------------------------------------

There was significant increase (*p \<* 0.05) in the serum activities of ALP, ALT and AST in acetaminophen treated mice ([Table 2](#t0002){ref-type="table"}). Treatment of mice with aqueous leaf extract of *Phyllanthus muellarianus* at the doses investigated significantly (*p \<* 0.05) reversed this increase and compared favourably (*p \>* 0.05) with silymarin treated group. The highest dose (400 mg/kg b.w) attenuated acetaminophen-mediated increase in ALP, ALT and AST by 76.56, 85.41 and 89.39%, respectively. Also, acetaminophen-mediated decrease in serum albumin and increase in serum total bilirubin were dose-dependently reversed by the extract ([Table 2](#t0002){ref-type="table"}). Although the extract did not restore the level of total bilirubin to control level, 400 mg/kg b.w. extract produced 82.77 and 78.38% reversal of acetaminophen-mediated alterations in albumin and total bilirubin, respectively.

![High-performance chromatography profile of *Phyllanthus muellarianus* aqueous leaf extract.](IPHB_A_1317819_F0001_C){#F0001}

###### 

Hepatocellular biomarkers in the serum of acetaminophen-treated rats following oral administration of aqueous leaf extract of *Phyllanthus muellarianus*.

                                                    ALP                 ALT                 AST                 Albumin            Total bilirubin
  ------------------------------------------------- ------------------- ------------------- ------------------- ------------------ ------------------
  Control                                           12.35 ± 2.11        6.68 ± 0.22         3.35 ± 0.07         5.54 ± 0.80        1.42 ± 0.03
  Acetaminophen                                     32.64 ± 0.67\*      27.52 ± 1.17\*      15.87 ± 0.64\*      2.29 ± 0.15        8.82 ± 0.16
  400 mg/kg body weight extract                     10.60 ± 0.35Δ       6.44 ± 0.42Δ        4.61 ± 0.22Δ        2.02 ± 0.07Δ       0.86 ± 0.06Δ
  100 mg/kg body weight extract + Acetaminophen     28.83 ± 0.67\*Δ▿♦   22.26 ± 1.19\*Δ▿♦   12.42 ± 0.14\*Δ▿♦   3.12 ± 0.21\*Δ▿♦   6.36 ± 0.45\*Δ▿♦
  200 mg/kg body weight extract + Acetaminophen     21.26 ± 1.01\*Δ▿♦   17.10 ± 0.81\*Δ▿♦   7.93 ± 0.68\*Δ▿♦    3.74 ± 0.42\*Δ▿♦   4.18 ± 0.32\*Δ▿♦
  400 mg/kg body weight extract + Acetaminophen     17.03 ± 2.25Δ       9.72 ± 1.77Δ        4.92 ± 0.14Δ        4.98 ± 0.69Δ       3.02 ± 0.17Δ
  200 mg/kg body weight sylimarin + Acetaminophen   16.72 ± 1.32Δ       10.44 ± 0.28\*Δ     4.12 ± 0.16Δ        4.79 ± 0.18Δ       3.34 ± 0.24Δ

Values are mean ± SEM of 10 determinations and are considered statistically significant at *p* \< 0.05. \**p \<* 0.05, vs control; Δ*p \<* 0.05, vs acetaminophen; ∇*p \<* 0.05, vs 400 mg/kg body weight extract; ♦*p \<* 0.05, vs acetaminophen +200 kg/kg body weight sylimarin. ALP: alkaline phosphatase; ALT: alanine aminotransferase; AST: aspartate aminotransferase. ALP, ALT and AST are expressed as nmol/min/mg protein. Albumin and total bilirubin are expressed as mg/dL.

Enzymic and non-enzymic antioxidants {#s0023}
------------------------------------

The activities of SOD, CAT, GSH-Px, GSH-Red and Glc 6-PD in the liver of acetaminophen-treated mice decreased significantly (*p* \< 0.05) by 65.50, 62.28, 58.54, 64.00 and 68.0%, respectively, when compared with the control. This acetaminophen-mediated decrease was dose-dependently reversed and compared significantly (*p* \< 0.05) with silymarin-treated mice and control ([Figure 2](#F0002){ref-type="fig"}). The highest dose (400 mg/kg b.w) produced 85.10, 80.81, 80.45, 76.23 and 95.22% attenuation of acetaminophen-mediated decrease in SOD, CAT, GSH-Px, GSH-Red and Glc 6-PD, respectively ([Figure 2](#F0002){ref-type="fig"}).

![Activities of antioxidant enzymes in acetaminophen-treated mice following oral administration of *Phyllanthus muellarianus* aqueous leaf extract. Values are mean ± SEM of 10 determinations and are statistically significant at *p* \< 0.05. \**p \<* 0.05, vs control; Δ*p \<* 0.05, vs acetaminophen; ∇*p \<* 0.05, vs 400 mg/kg b.w extract; ♦*p \<* 0.05, vs acetaminophen +200 mg/kg b.w sylimarin. SOD: Superoxide dismutase; CAT: Catalase; GSH-Px: Glutathione peroxidase; GSH-Red: Glutathione reductase; Glc 6-PD: Glucose 6-phosphate dehydrogenase. Enzyme activities are expressed in nmol/min/mg protein.](IPHB_A_1317819_F0002_C){#F0002}

Acetaminophen treatment produced significant (*p* \< 0.05) reduction in the level of the non-enzymatic antioxidants glutathione reduced (GSH) in the liver of mice when compared with the control ([Table 3](#t0003){ref-type="table"}).

###### 

Biomarkers of oxidative stress in the liver of acetaminophen-treated rats following oral administration of aqueous leaf extract of *Phyllanthus muellarianus*.

                                                    GSH                                              CD                                               LH                                               MDA                                              Protein carbonyl                                 Fragmented DNA (%)
  ------------------------------------------------- ------------------------------------------------ ------------------------------------------------ ------------------------------------------------ ------------------------------------------------ ------------------------------------------------ ------------------------------------------------
  Control                                           28.66 ± 2.34                                     49.38 ± 1.37                                     31.02 ± 1.25                                     7.86 ± 0.16                                      2.75 ± 0.13                                      2.56 ± 0.35
  Acetaminophen                                     8.44 ± 0.22[\*](#TF2){ref-type="table-fn"}       82.16 ± 2.72[\*](#TF2){ref-type="table-fn"}      56.34 ± 2.42[\*](#TF2){ref-type="table-fn"}      29.28 ± 0.34[\*](#TF2){ref-type="table-fn"}      15.04 ± 0.52[\*](#TF2){ref-type="table-fn"}      80.52 ± 2.72[\*](#TF2){ref-type="table-fn"}
  400 mg/kg body weight                             30.59 ± 1.80Δ                                    30.52 ± 0.20Δ                                    27.54 ± 1.31Δ                                    4.01 ± 0.07Δ                                     1.78 ± 0.26Δ                                     3.66 ± 0.12Δ
  100 mg/kg body weight + Acetaminophen             11.88 ± 0.66[\*](#TF2){ref-type="table-fn"}Δ▿♦   73.07 ± 1.87[\*](#TF2){ref-type="table-fn"}Δ▿♦   44.06 ± 2.73[\*](#TF2){ref-type="table-fn"}Δ▿♦   22.81 ± 1.20[\*](#TF2){ref-type="table-fn"}Δ▿♦   12.23 ± 0.17[\*](#TF2){ref-type="table-fn"}Δ▿♦   63.83 ± 3.25[\*](#TF2){ref-type="table-fn"}Δ▿♦
  200 mg/kg body weight + Acetaminophen             19.64 ± 1.28[\*](#TF2){ref-type="table-fn"}Δ▿♦   65.62 ± 2.67[\*](#TF2){ref-type="table-fn"}Δ▿♦   37.12 ± 1.25[\*](#TF2){ref-type="table-fn"}Δ▿♦   15.05 ± 1.23[\*](#TF2){ref-type="table-fn"}Δ▿♦   7.14 ± 0.62[\*](#TF2){ref-type="table-fn"}Δ▿♦    40.14 ± 1.28[\*](#TF2){ref-type="table-fn"}Δ▿♦
  400 mg/kg body weight + Acetaminophen             24.44 ± 2.17Δ▿                                   50.63 ± 3.14Δ▿                                   32.52 ± 3.02Δ                                    9.06 ± 0.77Δ                                     3.58 ± 0.27Δ▿                                    15.65 ± 1.22[\*](#TF2){ref-type="table-fn"}Δ▿
  200 mg/kg body weight sylimarin + Acetaminophen   22.98 ± 1.78[\*](#TF2){ref-type="table-fn"}Δ▿    53.37 ± 3.22Δ▿                                   33.96 ± 2.69Δ▿                                   10.97 ± 0.43Δ▿                                   4.38 ± 0.14Δ▿                                    20.03 ± 1.27[\*](#TF2){ref-type="table-fn"}Δ▿

Values are mean ± SEM of 10 determinations and are considered statistically significant at *p* \< 0.05.

*p \<* 0.05, vs control; Δ*p \<* 0.05, vs acetaminophen; ∇*p \<* 0.05, vs 400 mg/kg body weight extract.

*p \<* 0.05, vs acetaminophen +200 kg/kg body weight sylimarin. GSH: Glutathione reduced; CD: Conjugated dienes; LH: Lipid hydroperoxides; MDA: Malondialdehyde. Glutatione reduced, conjugated dienes, lipid hydroperoxides, malondialdehyde and protein carbonyl are expressed as nmol/mg protein.

Lipid peroxidation, protein oxidation and DNA fragmentation {#s0024}
-----------------------------------------------------------

The levels of conjugated dienes, lipid hydroperoxides and malondialdehyde in the liver of acetaminophen-treated mice increased significantly ([Table 3](#t0003){ref-type="table"}). This increase was significantly (*p* \< 0.05) reduced by *Phyllanthus muellarianus* aqueous leaf extract.

Also, oxidation of protein indicated protein carbonyl level, and DNA fragmentation increased significantly (*p* \< 0.05) in the liver of acetaminophen-treated mice. Treatment of mice with the fruit extract significantly (*p* \< 0.05) lowered protein carbonyl and fragmented DNA level ([Table 3](#t0003){ref-type="table"}).

Proinflammatory ctytokines {#s0025}
--------------------------

TNF-α, IL-6 and IL-8 increased significantly (*p* \< 0.05) in the serum of acetaminophen-treated mice. This increase was significantly reversed by *Phyllanthus muellarianus* aqueous leaf extract in a dose-dependent manner ([Figure 3](#F0003){ref-type="fig"}) and compared significantly (*p* \> 0.05) with the control and sylimarin-treated group.

![Levels of TNF-α, IL-6 and IL-8 in the serum of acetaminophen treated mice following oral administration of *Phyllanthus muellarianus* aqueous leaf extract. Values are mean ± SEM of 10 determinations and are statistically significant at *p* \< 0.05. \**p \<* 0.05, vs control; Δ*p \<* 0.05, vs acetaminophen; ∇*p \<* 0.05, vs 400 mg/kg b.w extract; ♦*p \<* 0.05, vs acetaminophen +200 mg/kg b.w sylimarin. TNF-α: Tumor necrosis factor-α; IL-6: Interleukin-6; IL-8: Interleukin-8. TNF-α, IL-6 and IL-8 are expressed in ng/mL.](IPHB_A_1317819_F0003_C){#F0003}

Histopathology {#s0026}
--------------

Acetaminophen treatment produced marked necrosis and cell death in the liver of mice. Administration of mice with 100, 200 and 400 mg/kg b.w. extract of *Phyllanthus muellarianus* leaves prevented the necrotic damage. This prevention was more pronounced in mice administered with 400 mg/kg b.w. of extract ([Figures 4(a--f)](#F0004){ref-type="fig"}). Similar protection was produced by silymarin ([Figures 4(a--f)](#F0004){ref-type="fig"}).

![Histoartictecture of the liver of acetaminophen treated mice following oral administration of *Phyllanthus muellarianus* aqueous leaf extract. (A) control, (B) acetaminophen (c) 400 mg/kg b.w extract (d) 100 mg/kg b.w extract + acetaminophen (e) 200 mg/kg b.w extract + acetaminophen (f) 400 mg/kg b.w extract + acetaminophen (g) 200 mg/kg b.w sylimarin + acetaminophen.](IPHB_A_1317819_F0004_C){#F0004}

Discussion {#s0027}
==========

Phytochemicals, such as flavonoids, saponins, terpenes and phenolics, present in fruits, cereals, vegetables, spices and dietary plants are well known to be biologically active (Krishnaswamy & Polasa [@CIT0024]). This study thus investigates the possible hepatoprotective potentials of *Phyllanthus muellarianus* aqueous leaf extract with the aim to provide insights to its hepatoprotective potentials.

Liver function indices {#s0028}
----------------------

Serum activities of ALP, ALT and AST are useful indicators of acetaminophen-induced hepatotoxicity (James et al. [@CIT0019]; Ajiboye et al. [@CIT0005]; Xie et al. [@CIT0047]; Ajiboye [@CIT0004]). The significant increase in serum ALP in acetaminophen-treated mice supports previous known facts indicating disrupted bilayer of plasma membrane. Increased serum ALT (cytosolic) and AST (mitochondrial) confirms altered plasma membrane integrity, leading to the efflux of cytosolic content of cells. Similarly, the increase in serum AST activity suggests compromised mitochondria, which could lead to necrotic cell death (Ajiboye [@CIT0004]). The capability of the aqueous leaf extract to attenuate acetaminophen-mediated increase in these enzymes shows protection against acetaminophen-mediated toxicity, which may be attributed to its antioxidant components. Gallic acid, a phytochemical constituent of this plant, was reported to reverse ALP, ALT and AST in acetaminophen-induced hepatotoxicity (Rasool et al. [@CIT0037]).

Serum albumin is an indicator of liver functional capacity (Ajiboye [@CIT0004]). The reduction in serum albumin of acetaminophen-treated mice indicates hepatocellular dysfunction (Dufour et al. [@CIT0011]), suggesting protein loss (nephrotic syndrome, burns, protein losing enteropathy) and liver disease (Doumas et al. [@CIT0010]). Increased total bilirubin in the serum of acetaminophen-treated mice connotes heamolysis and blockage of biliary tract (Dufour et al. [@CIT0011]; Sabiu et al. [@CIT0041]). These alterations were inline with previous reports on acetaminophen-induced hepatotoxicity in rat and mice model (Ajiboye [@CIT0004]; Sabiu et al. [@CIT0041]). The reversal of acetaminophen-mediated alterations in liver function indices shows protection, which may be due to the phytochemicals constituents of the extract such as gallic acid (Nabavi et al. [@CIT0034]).

Antioxidant enzymes {#s0029}
-------------------

Decrease activities of SOD, CAT, GSH-Px, GSH-Red and Glc 6-PD observed in this study have been highlighted in previous acetaminophen-mediated hepatotoxicity studies (Ajiboye et al. [@CIT0005]; Ajiboye [@CIT0004]; Sabiu et al. [@CIT0041]). These enzymes detoxify noxious reactive and nitrogen species (Ajiboye et al. [@CIT0005]) following the stimulation of antioxidant responsive elements (Ajiboye et al. [@CIT0007]). The depletion of GSH by *N-*acetyl-*p-*benzoquinone creates an imbalance in oxidants and antioxidants leading to decreased antioxidant enzymes activities in particular, GSH-Px and GSH-Red (McGill et al. [@CIT0031]). Catechin, gallic acid, geraniin and corilagin enhance antioxidant enzymes by activating nuclear erythroid related factor-2 (Yeh & Yen [@CIT0049]; Rasool et al. [@CIT0037]; Jin et al. [@CIT0020]; Liu et al. [@CIT0030]; Wang et al. [@CIT0045]). Thus, the presence of these compounds may be responsible for the induction and reversal of acetaminophen-mediated decrease in antioxidant enzymes.

Furthermore, acetaminophen-mediated reduction in GSH could be due to accumulated NAPQI, which depletes GSH level (Ajiboye et al. [@CIT0005]; McGill et al. [@CIT0031]; Ajiboye [@CIT0004]). The attenuation of acetaminophen-mediated decrease in GSH could be due to enhanced activities of GSH-Px, GSH-Red and Glc 6-PD, which play coordinated role in the synthesis of GSH.

Lipid peroxidation {#s0030}
------------------

While lipid peroxidation is not considered as the mechanism for acetaminophen-mediated cell death, it is involved in acetaminophen-induced oxidative stress (Jaeschke et al. [@CIT0015]). The elevated levels of conjugated dienes, lipid hydroperoxides and malondialdehyde, biomarkers of lipid peroxidation (Oloyede et al. [@CIT0036]), indicate oxidative stress. This may lead to the opening of mitochondrial membrane permeability transition pores, breakdown of mitochondrial membrane potential, ATP depletion and cell death/necrosis (Kon et al. [@CIT0023]; Reid et al. [@CIT0039]). Studies have reported inhibition of lipid peroxidation by catechin, gallic acid and corilagin (Jin et al. [@CIT0020]; Liu et al. [@CIT0030]; Tabassum et al. [@CIT0044]; Wiegand et al. [@CIT0046]). Thus, the presence of these compounds in the extract could have afforded the attenuation of acetaminophen-mediated elevation in biomarkers of lipid peroxidation.

Protein oxidation and DNA fragmentation {#s0031}
---------------------------------------

Protein oxidation and adduct formation is one of the mechanism by which acetaminophen invoke cell death (Jaeschke et al. [@CIT0018]; Salminen et al. [@CIT0042]). In addition, acetaminophen has been reported to induce fragmentation of nuclear DNA, mitochondrial DNA and karyosis (McGill et al. [@CIT0032]; Ray et al. [@CIT0038]; Shen et al. [@CIT0043]). The reduction in acetaminophen-mediated increase in the levels of protein carbonyl and fragmented DNA shows protective importance of *Phyllanthus muellarianus*, made possible through the inherent antioxidant constituents.

Inflammation {#s0032}
------------

Although not responsible for the hepatotoxicity of acetaminophen, cytokines and chemokines play a major role in the advancement of acetaminophen-induced acute liver damage (Karthivashan et al. [@CIT0021]). Rasool et al. ([@CIT0037]) reported an elevated level of TNF-α in acetaminophen-treated mice. Similarly, the importance of IL-6 in acetaminophen hepatotoxicity has been reported (Jaeschke et al. [@CIT0016]). The reversal in these inflammatory mediator shows that anti-inflammatory property of the extract may be due to the presence of gallic acid and corilagin (Kim et al. [@CIT0022]; Jin et al. [@CIT0020]).

Histopathology {#s0033}
--------------

The necrotic damage produced by acetaminophen indicates cell death. Administration of the aqueous leaf extract of *Phyllathus muellarianus* prevented this damage. This could have been resulted from the numerous antioxidants present in the extract, which might have prevented the acetaminophen-mediated damage. Similar protection was produced by silymarin.

Conclusions {#s0034}
===========

Based on the data obtained from this study, it can be concluded that the aqueous leaf extract of *Phyllanthus muellarianus* possess protection against acetaminophen-induced liver toxicity by enhancing the antioxidant activities of enzymes due to the inherent antioxidant constituents such as catechin, gallic acid, geraniin and corilagin. Thus, the plant shows promising potential of being used as a dietary supplement/functional food because of its prophylactic role.
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